1. In somata of sensory neurons in the pleural ganglia of Aplysia californica, serotonin (5HT) modulates at least three K+ currents: the S K+ current (I&, a slow component of the Ca2+-activated K+ current (I k,&, and the delayed or voltage-dependent K+ current (Ik v) . The modulation of 1k s and the slow component of IK,Ca by 5-fiT has been shown previously to be mediated via adenosine 3',5'-cyclic monophosphate (CAMP). To determine whether the modulation of I K,V by 5-HT also is mediafid via CAMP, we used two-electrode voltage-clamp techniques to compare the modulation of membrane current by CAMP and 5-HT.
2. Current responses were elicited by brief (200 ms) voltageclamp pulses before and after the bath application of analogues of CAMP. At all voltage-clamp potentials examined (-40-30 mV) , analogues of CAMP reduced the amplitude of the current response. The properties of the CAMP-sensitive component of membrane current were revealed by computer subtraction of current responses elicited in the presence of the analogue of CAMP from current responses elicited before application of the analogue. The characteristics of the resulting CAMP difference current (&& suggested that CAMP modulated a component of membrane current that was relatively voltage independent, did not inactivate, and was active over a wide range of membrane potentials. In addition, the current-voltage (I-I') relationship of the CAMP difference current had a positive slope. These properties of the CAMP difference current were consistent with those of 1k s but did not indicate that Ik v was modulated by CAMP.
'3. The CAMP-independent modulation of membrane current by 5-HT was examined by eliciting current responses first in the presence of an analogue of CAMP and again after the addition of 5-HT to the bath, which still contained the analogue. The presence of the analogue of CAMP occluded further modulation of 1k s by 5-HT. However, the analogue of CAMP did not occlude the modulation of I k,v by 5-HT. This CAMP-independent effect of 5-HT on membrane current was revealed by computer subtraction of current responses elicited in the presence of 5-HT from current responses elicited before the application of 5-HT (the analogue of CAMP was present throughout). The resulting CAMP-independent 5-HT difference current (15-HT) was highly voltage dependent, had complex kinetics, and its I-v relationship had a negative slope at membrane potentials above 0 mV. This voltage-dependent and CAMP-independent component of the 5-HT difference current has been shown previously to represent modulation of lk,v by 5-HT.
4. To examine the relative contributions that the CAMP-mediated and CAMP-independent processes make to the overall modulatory effects of 5-HT, we used two-electrode current-clamp techniques to compare the effects of CAMP and 5-HT on the duration of individual action potentials and excitability in the somata of sensory neurons. Bath application of 5-HT alone produced a threefold increase in the duration of action potentials and doubled the number of action potentials elicited during measurements of neuronal excitability. Bath application of analogues of CAMP produced a modest (12%) increase in the duration of action potentials and doubled neuronal excitability. The subsequent addition of 5-HT to the bath, which still contained the analogue of CAMP, produced a significant (3-fold) increase in the duration of action potentials but did not produce any further increase in excitability.
5. These results indicate that the modulation of Ik v by 5-HT is not mediated by CAMP and may require an as yet 'unidentified second messenger system. In addition, the results indicate that the CAMP-mediated modulation of membrane current by 5-HT plays a key role in regulating the excitability of the somata of sensory neurons, whereas the CAMP-independent modulation of membrane current by 5-HT has an important role in regulating the duration of the somatic action potential.
INTRODUCTION
The somata of sensory neurons in the ventrocaudal cluster of the pleural ganglia of Aplysia californica are enveloped by neuronal processes with varicosities that contain serotonin (5HT) (Lo et al. 1987 ; see also Hawkins 1989) . Examination using electron microscopic immunocytochemistry has shown that these varicosities are in direct contact with the plasma membrane of the sensory neurons @hang et al. 1988) , suggesting that the somata of these sensory neurons receive serotonergic innervation. Previous work has demonstrated the ability of 5-HT to elevate the level of adenosine 3',5'-cyclic monophosphate (CAMP) in pleural sensory neurons (Greenberg et al. 1987; Byrne 1985, 1986; Pollock et al. 1985; ). An increase in the level of intracellular CAMP, in turn, exerts multiple effects on the properties of these sensory neurons. At least two K+ currents are suppressed by increased levels of CAMP: the S K+ current (1k s) and a slow component of the Ca2+-activated K+ current (Ii& (Baxter and Byrne 1989; Belardetti et al. 1987; Brezina et al. 1987; Pollock et al. 1985; Pollock and Camardo 1987; Scholz and Byrne 1988; Byrne 1984, 1989) . In addition, an increase in the level of CAMP alters the phosphorylation and the synthesis of certain proteins in these sensory neurons (Barzilai et al. 1989; Noel et al. 1989; Schacher et al. 1988; , stimulates an increase in the number of processes and varicosities expressed by these 978 0022-3077190 $1 SO Copyright 0 1990 The American Physiological Society sensory neurons (Nazif et al. 1989) , and may mediate a process, which has been termed mobilization of transmitter, that contributes to facilitation of transmitter release (Braha et al. 1990; Gingrich et al. 1988; Byrne 1985, 1987) . However, not all of the effects of 5-HT on pleural sensory neurons are mediated via CAMP. For example, independent of CAMP, 5-HT stimulates the translocation of protein kinase C (PKC) to the membrane (Sacktor and Schwartz 1990) . Translocation and activation of PK.C, in turn, appears to contribute to facilitation of transmitter release; possibly by enhancing the influx of Ca2+ (Braha et al. 1988; Edmonds et al. 1987) and/or by regulating the mobilization of transmitter (Braha et al. 1990; Hochner et al. 1986a) . Thus there are multiple sites for serotonergic modulation within these sensory neurons that may involve the activation of several second messenger systems.
We recently demonstrated a novel modulatory effect of 5-HT on membrane current in the somata of sensory neurons isolated from pleural ganglia (Baxter and Byrne 1989) . The modulatory effects of 5-HT on membrane current were revealed by isolating 5-HT difference currents. These difference currents were isolated by computer subtraction of current responses elicited in the presence of 5-HT from current responses elicited before the bath application of 5-HT. The complexities of the resulting 5-HT difference current suggested that 5-HT modulated at least two components of membrane current that were elicited by brief (200 ms) voltage-clamp pulses. One component of the 5-HT difference current had properties identical to those previously found for Zk s (Abrams et al. 1984; Brezina et al. 1987; Klein et al. 1982:Klein and Kandel 1980; Pollock et al. 1985; Pollock and Camardo 1987; Byrne 1987, 1988; Shuster et al. 1985; Shuster and Siegelbaum 1987; Siegelbaum et al. 1982; Byrne 1984, 1989) and was relatively voltage independent, was active over a wide range of membrane potentials, did not inactivate, increased in a time-dependent manner during depolarization, was relatively insensitive to the K+ channel blockers 4-aminopyridine (4-AP) and tetraethylammonium (TEA), and was suppressed by bath application of either analogues of CAMP or small cardioactive peptide b (SCPb). The second component of the 5-HT difference current had properties characteristic of the delayed or voltage-dependent K+ current (Zkv) and was highly voltage dependent, had complex kinetics, and was blocked by moderate concentrations of either 4-AP or TEA. Thus we concluded that, in addition to Zi+ 5-HT modulated Zk v.
In our previous study (Baxter and Byrne 1989) we found evidence that Zk,v did not appear to be modulated by elevated levels of CAMP. The present study had two objectives. First, we wished to examine more completely the CAMP-independent modulation of Zk v by 5-HT in the somata of these sensory neurons. Second, we wished to assess the relative contributions that the CAMP-mediated and CAMP-independent modulation of membrane current make to the overall effects of 5-HT on the electrophysiological properties of the somata of these sensory neurons. We found that analogues of CAMP neither mimicked nor occluded the modulation of Zk v by 5-HT. Thus the modula-, tion of Zk v by 5-HT may require the activation of an as yet unidentined second messenger system. In addition, we found that the CAMP-mediated modulation of membrane current appeared to play a key role in regulating neuronal excitability, with modest effects on the duration of action potentials; whereas, serotonergic modulation of Zk v dramatically increased the duration of the action potential, but had little if any effect on excitability. A preliminary report of these results has been presented (Baxter and Byrne 1987 ).
METHODS
As previously described (Baxter and Byrne 1989) , all experiments were performed on clusters of somata of sensory neurons that were surgically isolated from the ventrocaudal clusters of pleural ganglia in Aplysia californica. Dissections were performed after anesthetizing the animals by the injection of a volume of isotonic MgC12 equal to about one-half of the volume of the animal. The isolated clusters were pinned to the Sylgard-coated (Dow-Corning) floor of an experimental chamber with a volume of 300 ~1. The static bathing solution of artificial seawater (ASW; Instant Ocean, Aquarium Systems, Mentor, OH) was buffered to pH 7.6 with 10 mM Trizma (Sigma) and was maintained at 15 t 1 "C by a thermoelectric cooling unit placed under the experimental chamber.
Conventional two-electrode voltage-and current-clamp techniques (Axoclamp-2 amplifier; Axon Instruments) were used to compare the effects of bath application of analogues of CAMP to the effects of adding 5-HT to the bath, which still contained the analogue. Somata of sensory neurons were impaled with two glass capillary microelectrodes that were filled with 3 M potassium acetate and that had resistances of 2-6 MQ. During voltage-clamp experiments, tetrodotoxin (TTX; Sigma) was included in the bath at a concentration of 150 PM, and the cells were voltage clamped at their resting potential. Current responses were elicited by 200-ms voltage-clamp pulses that were preceded by a 25-s, hyperpolarizing prepulse to -70 mV (e.g., Baxter and Byrne 1989) . The voltage-clamp pulses were separated by 90 s and were incremented in IO-mV steps to membrane potentials ranging between -40 and 30 mV. After the 200-ms voltage-clamp pulse, the membrane potential was stepped back to a value of -50 mV for 500 ms. Thus all voltage-clamp pulses were initiated from a membrane potential of -70 mV and were terminated by returning the membrane potential to -50 mV. Between voltage-clamp pulses the cells were returned to their resting membrane potential. The current responses and a calibration pulse were digitized on-line (500 samples at 1.67 kHz, 12-bit resolution) with a microcomputer and were stored for later analysis and display. Before and after addition of each compound to the bath, a minimum of three stable membrane current responses were obtained at each voltage in the series of voltage-clamp pulses, and these responses were averaged off-line. The effects of bath application of analogues of CAMP and 5-HT were revealed by isolating difference currents. Difference currents were isolated by computer subtraction of averaged current responses elicited after drug treatment from averaged current responses elicited before drug treatment (e.g., Fig. 1 ). Although the membrane voltages during the voltageclamp pulses were not digitized, they were monitored constantly. Current responses were accepted only if the step changes in membrane potential were completed in <I ms and no voltage "sag" was detected. Previous calculations indicated that the series resistance had little effect on the voltage-clamp protocol (Baxter and Byrne 1989) , thus no compensation for series resistance was used.
During current-clamp experiments, the membrane potential of the sensory neurons was monitored and was maintained at -45
Bl
Step to +20 mV Note that the membrane currents do not return to the preclamp level because the cell was clamped from a holding potential of -70 to -20 mV and then back to -50 mV (see METHODS). A2: the CAMP difference current (ICAMP) was isolated by subtracting the current response elicited in the presence of the analogue of CAMP from the current response elicited in ASW (a -b). The CAMP-independent component of the 5-HT difference current (I 5+rr) was isolated by subtracting the current response elicited in the presence of 5-HT (plus the analogue of CAMP) from the current response elicited before the application of 5-HT but in the presence of the analogue (b -c). Bl: current responses from the same cell were elicited by voltage-clamp pulses from -70 to 20 mV in ASW (trace a), after bath application of 8-pcpt-CAMP (trace b) and after addition of 5-HT to the bath, which still contained the analogue (trace c). B2: the CAMP difference current (ICAMP) was isolated by subtracting the current response elicited in the presence of the analogue of CAMP from the current elicited in ASW (a -b). The CAMP-independent component of the 5-HT difference current (I 5-HT) was isolated by subtracting the current response elicited in the presence of 5-HT (plus the analogue of CAMP) from the current response elicited before the application of 5-HT but in the presence of the analogue (b -c). The qualitative features of the CAMP difference currents that were isolated from voltage-clamp pulses to -20 and 20 mV were similar (note the change in the values for the calibration bars, however). At -20 mV, the presence of analogues of CAMP completely occluded further modulation of membrane current by 5-HT. However, this was not the case at 20 mV, and the 5-HT difference current revealed the CAMP-independent modulation by 5-HT of an additional component of membrane current. (The upward deflection early in the CAMP difference current was not observed consistently. This may represent an additional component in the CAMP difference current or it may represent small random fluctuations in the current responses that cannot be controlled by the averaging techniques used in this study.) B is modified from Baxter and Byrne (1989) . It is reproduced here for completeness.
mV by manually adjusting the constant DC current output of the ranging between 0.5 and 3 nA and incremented in steps of 0.5 nA current passing electrode. Individual action potentials were elic-(e.g., Fig. 4B ). The bursts of action potentials and a calibration ited by passing 3-ms, 5-nA current pulses through the current pulse were digitized (5,000 samples at 4 kHz) for later analysis passing electrode (e.g., Fig. 4A ). The individual action potentials and display. The methods used to measure the duration of indiand a calibration pulse was digitized (2,000 samples at 20 kHz) for vidual action potentials and neuronal excitability are described later analysis and display. Bursts of action potentials were elicited below (Fig. 4) . The stimulation of individual and bursts of action by passing a series of l-s constant-current pulses, with amplitudes potentials were separated by 60 s throughout the experiment. To ensure that the responses to the stimulating current were stable, at least 10 examples of individual action potentials and 3 examples of bursts of action potentials at each of the 6 stimulating current amplitudes were recorded before and after bath application of each compound. In ASW, the data were collected from the last action potential and the last series of excitability measurements that were elicited before bath application of either CAMP or 5-HT. Typically, 3-10 min elapsed after bath application of each compound before the responses to the stimulating current became stable at their enhanced levels. Thus, in the presence of each compound, the data were collected from the first stable action potential and the first stable series of excitability measurements that were elicited after bath application.
All solutions were made immediately before each experiment. Two membrane-permeable and phosphodiesterase-resistant analogues of CAMP were used: either 8-bromo-CAMP (8br-CAMP; Sigma) or 8-4-parachlorophenylthio-CAMP (8pcpt-CAMP; Sigma) (Meyers et al. 1974; Miller et al. 1980; Simon et al. 1973) . The 8-pcpt-CAMP analogue was initially dissolved in dimethyl sulfoxide (DMSO; Sigma), but the final concentration of DMSO in the bath never exceeded 0.25% (vol/vol). Control voltageclamp experiments indicated that concentrations of DMSO in the bath as high as 1% had no effect on membrane current (Brezina et al. 1987; Baxter and Byrne 1990b) . Small aliquots (5-30 ~1) of the various agents, which were dissolved in ASW, were added to the experimental chamber to obtain the desired final concentration. Typically, bath concentrations of 0.5 mM 8-br-CAMP or 50 PM 8-pcpt-CAMP and 50 PM serotonin creatinine sulfate (5-HT; Sigma) were used. This concentration of 5-HT approximately doubles the CAMP content of pleural sensory neurons ). The two analogues of CAMP had similar effects (n = 18 for 8-br-CAMP; y1 = 22 for 8-pcpt-CAMP), and, therefore, the results have been combined and are referred to simply as analogues of CAMP. The results presented in this paper represent successful recordings from 55 sensory neurons. These sensory neurons had an average input resistance of 34 k 0.9 (SE) MQ and had an average resting membrane potential of -45 t 0.4 mV.
RESULTS
Deferential efects of CAMP and 5-HT on membrane c current in the somata of sensory neurons Our previous voltage-clamp study (Baxter and Byrne 1989) indicated that 5-HT modulated at least two K+ currents in the somata of sensory neurons. Bath application of 5-HT suppressed one component of membrane current that had properties identical to those of 1k s and modulated an additional component of membrane current that had properties characteristic of 1k v. The modulation of 1k s by 5-HT is believed to be mediated via CAMP. To determine whether the modulation of 1k v by 5-HT also is mediated via CAMP, we first examined the modulation of membrane current by an analogue of CAMP and then examined the modulation of membrane current by 5-HT in the continued presence of the analogue. If the modulation of & by 5-HT is mediated via CAMP, then the analogue of CAMP should mimic the effects of 5-HT on membrane current, and the presence of a saturating concentration of the analogue should occlude any further modulation of 1k v by the subsequent addition of 5-HT. An example of this'method is shown in Fig. 1 .
The current response that was elicited in ASW by a voltage-clamp pulse from -70 to -20 mV is shown in Fig. 1Al (trace a). Bath application of an analogue of CAMP reduced the amplitude of the current response (trace b, Fig. 1 Al). This reduction is particularly evident at the end of the voltage-clamp pulse. The difference between the current response elicited in the presence of the analogue of CAMP and the current response elicited in ASW represents the modulation of membrane current by the analogue. Computer subtraction of the CAMP trace from the ASW trace results in a CAMP difference current (IcAMP, Fig. lA2) , in which the CAMP-mediated reduction of the current response is represented as an upward deflection. This effect of the analogue of CAMP on the current response is similar to the effect of 5-HT at this same voltage-clamp potential (Baxter and Byrne 1989) . Previous work indicates that CAMP-mediated reduction of outward membrane current in sensory neurons results, at least in part, from the phosphorylation of a protein closely related to the S K+ channel by the CAMP-dependent protein kinase (PKA) (Shuster et al. 1985) . This phosphorylation results in the all-or-none closure of the S channel and thus a suppression of the macroscopic S K+ current &).
The properties of the CAMP difference current are similar to those of lks (see below). Thus it appears that the CAMP difference current (IcAMP in Fig. lA2 ) represents the CAMP-mediated suppression of 1k s.
At this level of membrane potential (-20 mV), the subsequent addition of 5-HT to the bath, which still contained the analogue of CAMP, did not produce any further reduction in membrane current (trace c, Fig. 1 AI) . Computer subtraction of the 5-HT (plus CAMP) trace from the CAMP trace results in a 5-HT difference current (&+rr , Fig. lA2 ) that was isolated in the presence of an analogue of CAMP. The 5-HT difference current in Fig. IA2 illustrates that the presence of the analogue of CAMP occluded further modulation of membrane current by 5-HT at this membrane potential. These and previous results indicate that the suppression of I k,s by 5-HT is mediated via CAMP (Abrams et al. 1984; Byrne 1989, 1990b; Brezina et al. 1987; Klein et al. 1982; Klein and Kandel 1978; Pollock et al. 1985; Pollock and Camardo 1987; Byrne 1987, 1988; Shuster and Siegelbaum 1987; Siegelbaum et al. 1982) . Furthermore, the complete occlusion of serotonergic modulation by the presence of analogues of CAMP suggests that the concentrations of analogues used in the present study are producing a maximal effect on CAMP-sensitive membrane current.
In contrast to the occlusion of the effects of 5-HT by the analogue of CAMP that is shown in Fig. lA , the presence of the analogue did not occlude further modulation of membrane current by 5-HT at more depolarized membrane potentials. The current response that was elicited in ASW by a voltage-clamp pulse from -70 to 20 mV is shown in (A-B) . Results similar to these were obtained in all preparations (n = 19) in which the CAMP difference current was isolated from somata of sensory neurons that were bathed in ASW. At all potentials, the CAMP difference current revealed a prominent component, which increased in a time-dependent manner during the voltage-clamp pulse, did not inactivate, and was relatively voltage independent. These features are similar to those previously described for Ik,s. E: the CAMP-independent component of 5-HT difference current (&nT) was isolated by subtracting the current response elicited in the presence of 5-HT (plus the analogue of CAMP) from the current response elicited before the application of 5-HT but in the presence of the analogue (B -C). Results similar to these were obtained in all preparations (n = 10) in which the 5-HT difference current was isolated in the presence of analogues of CAMP. With small depolarizations (e.g., membrane potentials of -30 and -20 mV in E2) the presence of the analogue of CAMP occluded further modulation of membrane current by subsequent addition of 5-HT. However, at more depolarized membrane potentials (El and -10 mV in E2), the 5-HT difference current reveals that 5-HT modulated an additional component of membrane current and that this modulatory action of 5-HT was neither mimicked nor occluded by CAMP. Note changes in the values of the calibration bars. however). The small upward deflection in the CAMP difference current early in the voltage-clamp pulse represents the small decrease in the peak amplitudes of the current responses that are shown in Fig. 1 Bl. This aspect of the CAMP difference current was not observed consistently. In a total of 19 experiments, a small upward deflection at the beginning of the CAMP difference current was observed in 6 cases, a small downward deflection was observed in 5 cases, and no deflection was observed in 8 cases. Thus it is possible that these small deflections represent small random fluctuations in the current responses that cannot be controlled by the averaging techniques used in this study. However, it was clear in all cases that application of an analogue of CAMP suppressed at least one component of K+ current that was activated with both small and large depolarizations and that had properties similar to 1k s.
At this depolarized membrane potential (20 mV), the subsequent addition of 5-HT to the bath, which still contained the analogue of CAMP, produced further modulation of membrane current (trace c, Fig. 1 BI) . Bath application of 5-HT reduced the membrane current at the beginning of the voltage-clamp pulse and increased the membrane current at the end of the voltage-clamp pulse. This CAMP-independent action of 5-HT on membrane current was revealed by subtracting the 5-HT trace from the CAMP trace. The early upward peak of the resulting CAMP-independent component of 5-HT difference current (15-HT, Fig. 1 B2) reflected the initial decrease in the membrane current (Fig. 1 BZ) , whereas, the downward shift represented the late increase in the membrane current at the end of the voltage-clamp pulse. This CAMP-independent component of the 5-HT difference current was qualitatively similar to the voltage-dependent component of the 5-HT difference current, which appears to represent a modulation of I K,V perhaps via a 5-HT-dependent slowing of its rates of activation and inactivation (Baxter and Byrne 1989) . Thus analogues of CAMP neither mimicked nor occluded the modulation of lkv in the somata of sensory 7 neurons by 5-HT.
Several lines of evidence indicated that the differential effects of bath application of analogues of CAMP and 5-HT on membrane current did not result from the application of a less than maximal dose of the analogues. First, increasing the bath concentration of the analogues of CAMP by an order of magnitude (n = 8) did not produce any further suppression of 1k s or modulation of Ik v (data not shown). Second, bath application of a derivative of forskolin (7-deacetyl-6-[N-acetylglycyll-forskolin), which directly activates the adenylate cyclase without producing nonspecific effects on membrane current, suppressed only 1k s and did not modulate I K,V (Baxter and Byrne 1990b) . Third, bath application of the SCPb, which elevates levels of CAMP and suppresses lk,s (Abrams et al. 1984; Byrne 1985, 1986) , did not modulate 1k v (Baxter and Byrne 1989) . Finally, the modulation of ikv is observed even at bath concentration of 5-HT as low as 10 PM (n = 3), which produces approximately a half-maximal stimulation of the adenylate cyclase . These results indicate that the concentration of analogues of CAMP that were used routinely in the present study were producing a maximal effect on CAMP-sensitive membrane current and that 1k v is not modulated by CAMP.
9 Figure 2 shows a series of CAMP difference currents and CAMP-independent 5-HT difference currents that were isolated from a wide range of voltage-clamp potentials. The current responses that were elicited in ASW by voltageclamp pulses from -70 mV to -30, -20, and -10 mV are shown in Fig. 2A2 , and the current responses that were elicited by voltage-clamp pulses to 0, 10, and 20 mV are shown in Fig. 2AZ (note the different values of the calibration bars). The current responses that were elicited after bath application of an analogue of CAMP are shown in Fig.  2B , and those elicited after the addition of 5-HT to the bath, which still contained the analogue, are shown in Fig.  2C . The CAMP difference currents (Fig. 20) were isolated by subtracting the current responses that were elicited in the presence of the analogue of CAMP from the corresponding current responses elicited in ASW. At all voltageclamp potentials examined, the CAMP difference current increased slowly during the voltage-clamp pulses, did not inactivate, and was relatively voltage independent (see also Amplitudes of the difference currents were measured at the end of the voltage-clamp pulses. The data are plotted such that a positive value represents a decrease in the outward membrane current and a negative value represents an increase in the outward membrane current. Each point represents the average of at least 10 experiments. For each average, the standard error of the mean (SE) was no greater than 11% of the value of the mean. Addition of analogues of CAMP to the bath decreased outward membrane current at all potentials. The CAMP difference current was relatively voltage independent. The I-I/ relationship of CAMP difference current is similar to that previously described for IK,s. The presence of the analogues of CAMP occluded any further modulation of membrane current by 5-HT at membrane potentials more negative than about -10 mV. The region of negative slope in the I-I/relationship for the CAMP-independent component of the 5-HT difference current has been shown to represent the modulation of I K,v by 5-HT (Baxter and Byrne 1989). These results indicate that modulation of IK,v by 5-HT is not mediated via CAMP.
being "relatively" voltage independent to contrast them with the more highly voltage-dependent component of the 5-HT difference currents.) These properties are consistent with those previously described for lks (Abrams et al. 1984; Baxter and Byrne 1989; Brezina et'al. 1987; Klein et al. 1982; Klein and Kandel 1980; Pollock et al. 1985; Pollock and Camardo 1987; Byrne 1987, 1988; Shuster and Siegelbaum 1987; Byrne 1984, 1989) .
occlude further serotonergic modulation of membrane currents that were activated by voltage-clamp pulses to membrane potentials more positive than about -10 mV (Fig. 2El) . The magnitude and kinetics of the CAMP-independent component of the 5-HT difference current were highly voltage dependent. The characteristics of this voltage-dependent and CAMP-independent component of the 5-HT difference current are qualitatively similar to those of 1k v (Baxter and Byrne 1989) . The CAMP-independent effects of 5-HT on membrane ' Figure 3 compares the current-voltage (I-V) relationcurrent were revealed by subtracting the current responses ships for the CAMP difference current and CAMP-indepenelicited in the presence of 5-HT (plus the analogue of dent component of the 5-HT difference current. The am-CAMP) from the corresponding current responses elicited plitudes of the difference currents were measured at the in the analogue (Fig. 2E) . With small depolarizing steps end of the voltage-clamp pulses and plotted such that posi-( g e. ., -30 and -20 mV in Fig. 2E2 ), the presence of the tive values represent a decrease in membrane current at the analogue of CAMP reduced or occluded any further moduend of the voltage-clamp pulse (e.g., IcAMP in Fig. lA2 ) and lation of membrane current by 5-HT (see also action potentials after bath application of 5-HT. C: in ASW, individual action potentials had an average duration of 6.9 2 0.4 (SE) ms. Bath application of 5-HT significantly increased the average duration of the action potential to 22.8 t 1.7 ms (one-tailed, paired t test, t29 = 11.35, P < 0.00 1). D: the average number of action potentials (&SE) elicited by l-s depolarizing current pulses is plotted as a function of the magnitude of the current pulse. (The standard error bars are often smaller than the symbols.) In ASW, sensory neurons adapt rapidly and increasing the amplitude of the depolarizing current above -2 nA failed to produce further increases in the number of action potentials that were elicited. Bath application of 5-HT significantly reduced the adaptation. (For statistical analysis, only the numbers of action potentials elicited by the 3-nA depolarizing current pulses were considered; one-tailed, paired t test, t29 = 14.14, P < 0.00 1.) Fig. lB2 ). The bath application of analogues of CAMP had two actions. First, analogues of CAMP reduced the amplitude of membrane current at all voltage-clamp potentials. The resulting CAMP difference current was relatively voltage independent. The 1-v relationship for the CAMP difference current (Fig. 3) is similar to previously reported I-V relationships for the macroscopic and microscopic Ik,s (Baxter and Byrne 1989; Brezina et al. 1987; Klein et al. 1982; Pollock et al. 1985; Pollock and Camardo 1987; Byrne 1987, 1988; Siegelbaum et al. 1982) . Second, analogues of CAMP occluded effects of 5-HT at membrane potentials more negative than about -10 mV. However, the analogues of CAMP did not occlude serotonergic modulation of current responses at membrane potentials more positive than about -10 mV. The negative slope of the 1-v relationship of the CAMP-independent component of the 5-HT difference current at membrane potentials more positive than 0 mV is similar to the I-V relationship of the voltage-dependent component of the 5-HT difference current (Baxter and Byrne 1989) and is indicative of serotonergic modulation of Ik v. Thus the absence of a region of negative slope in the I-f relationship of CAMP difference current and the failure of analogues of CAMP to occlude this region of negative slope in the I-V relationship of CAMP-independent component of the 5-HT difference current indicate that the modulation of Ik v by 5-HT is not mediated via CAMP. , D@erential eflects of CAMP and 5-HT on somatic action-potential duration and excitability
The contrasting properties of the two components of membrane current that are modulated by 5-HT suggest that they should make distinct contributions to the electro-A Action Potential physiological properties of sensory neurons. Because Ik s is a prominent current at the resting membrane potential and does not inactivate, it should reduce the excitability of sensory neurons by shunting depolarizing currents. Suppression of IK,s could account for the increase in the excitability of sensory neurons that is observed after application of 5-HT (Dale et al. 1987; Klein et al. 1986; Walters et al. 1983 ). On the other hand, the kinetics and voltage dependence of & suggest that this current should contribute significantly to the repolarization phase of the action potential. Slowing the rate of activation of this predominant outward current could account for the increase in the duration of action potentials observed after application of 5-HT (Hammer et al. 1989; Hochner et al. 1986b,c; Klein and Kandel 1978; Pollock et al. 1985; Walters et al. 1983) . By the use of current-clamp techniques, we have compared how the CAMP-mediated suppression of membrane current and the CAMP-independent modulation of IKv by , . Differential effects of analogues of CAMP and 5-HT on the duration of the action potential and excitability in the somata of sensory neurons. A: bath application of 8-pcpt-CAMP (50 PM) increased the duration of the somatic action potential from 7.5 to 8.8 ms. The subsequent addition of 5-HT (50 PM) to the bath, which still contained the analogue of CAMP, increased the duration of the somatic action potential from 8.8 to 26 ms. Thus the CAMP-independent modulation of membrane current by 5-HT appeared to play a key role in regulating the duration of the somatic action potential. B: in the same sensory neuron, a l-s, 2-nA depolarizing current pulse elicited 3 action potentials in ASW (BI). An identical current pulse elicited 6 action potentials after bath application of 8-pcpt-CAMP (B2). After the addition of 5-HT to the bath, which still contained the analogue of CAMP, an identical current pulse elicited 5 action potentials (B3). Thus the presence of the analogue of CAMP appeared to occlude any further modulation of neuronal excitability by the subsequent addition of 5-HT.
5-HT differentially affect the duration of action potentials and excitability in somata of sensory neurons.
The methods used to measure these two electrophysiological parameters are shown in Fig. 4 . Somata of sensory neurons were held at -45 mV, and individual action potentials were elicited by brief (3 ms) depolarizing current pulses (5 nA). As shown in Fig. 4A , the duration of the action potential was measured as the time between the peak of the action potential and the repolarization of the action potential to -45 mV (arrow). As shown in Fig. 4B , neuronal excitability was measured by injecting a series of 1 -s duration depolarizing constant-current pulses of increasing magnitudes. In ASW, the largest of these test pulses (3 nA) elicited only four action potentials. The frequency of the action potentials adapted rapidly during the sustained stimulus. Figure 5 illustrates the effects of 5-HT on the duration of action potentials and excitability in somata of sensory neurons. Bath application of 5-HT increased the duration of the action potential from 10 to 20 ms ( Fig. 5A ) and increased the number of action potentials elicited by a l-s, 2-nA depolarizing current pulse from 4 to 9 (Fig. 5B) . Action potentials that were elicited in ASW had an average duration of 6.9 ms (Fig. 5C ). Bath application of 5-HT significantly increased the duration of action potentials to an average of 22.8 ms (Fig. 5C ). In addition, 5-HT significantly increased the excitability of sensory neurons (Fig.  5D ). For example, 5-HT increased the average number of action potentials elicited in ASW during the 3-nA test pulse from 5 to 9 (Fig. 5D) . To determine the relative contributions of CAMP-mediated and CAMP-independent processes to these two effects of 5-HT, we first examined the effects of analogues of CAMP on the duration of action potentials and neuronal excitability and then examined the effects of the subsequent addition of 5-HT to the bath, which still contained the analogue.
An example of this method is shown in Fig. 6 . Bath application of an analogue of CAMP increased the duration of the somatic action potential from 7.5 to 8.8 ms (Fig. 6A) . The subsequent addition of 5-HT to the bath, which still contained the analogue of CAMP, increased the duration from 8.8 to 26 ms. In contrast to a modest enhancement of the duration of the action potential, bath application of the analogue of CAMP doubled the number of action potentials elicited during a l-s, 2-nA current pulse (Fig. 6B2) . Similar effects of CAMP on excitability have been found by Klein et al. (1986) in the siphon sensory neurons. The subsequent addition of 5-HT to the bath, which still contained the analogue of CAMP, failed to produce any further increase in excitability. Figure 7 summarizes the results of 12 current-clamp experiments in which we examined the relative contributions of CAMP-mediated and CAMP-independent processes to the enhancement of the duration of the action potential and excitability in the somata of sensory neurons. As shown in Fig. 7A , bath application of analogues of CAMP increased the average duration of action potentials from 7.1 to 8.8 ms. The addition of 5-HT to the bath, which still contained the analogue of CAMP, increased the average duration of the action potentials to 23.7 ms. Thus CAMPindependent modulation of 1k v by 5-HT appeared to con-, Stimulating Current (nA) FIG. 7. CAMP-independent modulation by 5-HT has a predominant role in regulating the duration of somatic action potentials, whereas CAMP-dependent modulation by 5-HT has a predominant role in regulating somatic excitability. A: in ASW, somatic action potentials had an average duration of 7.1 rt 0.3 (SE) ms. Bath application of analogues of CAMP increased the average duration to 8.8 & 0.5 ms. The addition of 5-HT to the bath, which still contained the analogue of CAMP, increased the average duration to 23.7 -t 1.3 ms. A one-way analysis of variance (ANOVA) with repeated measures indicated a significant difference among treatments (F2 = 139.6, P < 0.001). A subsequent post hoc Tukey analysis indicated that 5-HT produced a significant (P < 0.00 1) increase in the duration of the somatic action potential beyond that produced by analogues of CAMP. B: the average number of action potentials (?SE) elicited by l-s depolarizing current pulses are plotted as a function of the amplitude of the current pulses. (The standard error bars are often smaller than the symbols.) In ASW, the sensory neurons adapt rapidly and increasing the amplitude of the depolarizing current pulses above -2 nA produced little further increases in the number of action potential that were elicited. Bath application of analogues of CAMP greatly reduced this adaptation and increased the number of action potentials elicited at all amplitudes of depolarizing current. The addition of 5-HT to the bath, which still contained the analogue of CAMP, failed to produce any further enhancement of somatic excitability. An ANOVA with repeated measures indicated a significant difference among treatments (F2 = 50.6, P < 0.00 1).
(For statistical analyses, only the number of action potentials elicited by the 3-nA depolarizing current pulses were considered.) A subsequent post hoc Tukey analysis indicated that the subsequent addition of 5-HT did not produce any increase in somatic excitability beyond that produced by analogues of CAMP. Indeed, 5-HT produced a modest, but significant (P < 0.05) decrease in the level of excitability from that produced by the analogue of CAMP. However, the level of somatic excitability in 5-HT (plus the analogue of CAMP) was still significantly (P < 0.001) greater than somatic excitability in ASW. The results indicate that the membrane current that was modulated by 5-HT via CAMP played a key role in regulating excitability, whereas the CAMP-independent modulation of membrane current by 5-HT played a key role in regulating the duration of the somatic action potential of sensory neurons. tribute significantly to regulating the duration of the somatic action potential.
In contrast to a modest enhancement of the duration of the somatic action potential, bath application of analogues of CAMP more than doubled the number of action potentials elicited at all current amplitudes (Fig. 7B) . This enhancement of excitability could not be accounted for by a CAMP-mediated depolarization of the resting membrane potential, because the resting potential was maintained at -45 mV. The addition of 5-HT to the bath, which still contained the analogue of CAMP, did not produce any further increase in neuronal excitability. Indeed, addition of 5-HT produced a small, but significant, decrease from the number of action potentials observed in the presence of the CAMP analogue. This decrease could have been the result of the 5-HT-mediated increase in the durations of the action potentials, which in turn, could have caused increased inactivation of inward currents and/or increased Ca2+ accumulation and activation of Ca2+-dependent K+ current (1k&.
DISCUSSION
In somata of sensory neurons isolated from the pleural ganglia of Aplysia, 5-HT modulates at least three K+ currents: 1k,s (Baxter and Byrne 1989; Brezina et al. 1987; Pollock et al. 1985; Pollock and Camardo 1987; Byrne 1984, 1989 ), a slow component of lk,Ca (Walsh and Byrne 1989) , and 1k v (Baxter and Byrne 1989) . The results of the present study support the conclusion that the modulation of 1k s by 5-HT is mediated via CAMP. Bath application of analogues of CAMP suppressed a component of membrane current that had properties identical to those previously described for lks (Abrams et al. 1984; Baxter and Byrne 1989; Brezina et al. 1987; Klein et al. 1982; Klein and Kandel 1980; Pollock et al. 1985; Pollock and Camardo 1987; Byrne 1987, 1988; Siegelbaum et al. 1982; Byrne 1984, 1989) . This component of membrane current was active over a wide range of membrane potentials, did not inactivate, and was relatively voltage independent. Furthermore, the preexposure of sensory neurons to analogues of CAMP occluded any further modulation of 1k s by subsequent application of 5-HT.
In contrast, the results of this and our previous study (Baxter and Byrne 1989) indicate that the modulation of 1k v by 5-HT is not mediated via CAMP. Several lines of evidence support this conclusion. First, the CAMP difference currents presented in this paper did not have the kinetics or I-I;/' relationship that are indicative of serotonergic modulation of I k,v (Baxter and Byrne 1989) . Second, the presence of analogues of CAMP did not occlude the modulation of I k,v by 5-HT. In the presence of analogues of CAMP, 5-HT difference currents retained those features that are indicative of modulation of Ik v. Furthermore, in a separate series of voltage-clamp experiments (Baxter and Byrne 1990b) , we observed I k,v in relative isolation before and after bath application of either analogues of CAMP or a derivative of the adenylate cyclase activator forskolin and found that elevated levels of CAMP had no obvious effect on Ik,v. The failure of elevated levels of CAMP to mimic and to occlude the serotonergic modulation of Ik v support the conclusion that the modulation of Ik v by 5&T is not mediated via CAMP and may require an as yet unidentified second messenger system.
Previous work has shown that in response to 5-HT, action potentials are broadened and the excitability is increased in the somata of sensory neurons (Dale et al. 1987; Hammer et al. 1989; Hochner et al. 1986b,c; Klein et al. 1986; Klein and Kandel 1978; Pollock et al. 1985; Walters et al. 1983) . The results of the present study support the conclusions of previous work that enhancement of excitability by 5-HT results primarily from CAMP-mediated suppression of outward membrane current. Bath application of analogues of CAMP mimicked the action of 5-HT and produced a significant increase in excitability of the somata. Furthermore, the preexposure of sensory neurons to CAMP occluded any further increase in excitability during the subsequent application of 5-HT. These results indicate that the actions of CAMP are sufficient to account fully for the effects of 5-HT on excitability. In contrast, CAMPmediated modulation of membrane current does not ap-. pear to be sufficient to account fully for broadening of the somatic action potential by 5-HT. Bath application of analogues of CAMP only partially mimicked the action of 5-HT on the duration of the somatic action potential. Furthermore, the presence of the analogues of CAMP did not occlude serotonergic modulation, and subsequent application of 5-HT produced a threefold increase in the duration of the action potential. These results indicate that the broadening of the somatic action potential by 5-HT results from both a CAMP-mediated modulation of Ik s and a , CAMP-independent modulation of Ik v.
Two additional lines of evidence support the conclusion that 5-HT activates at least two cellular processes, one primarily modulating somatic excitability and the other primarily modulating the duration of somatic action potentials. First, Marcus and Carew (1989, personal communication) have examined the effects of 5-HT on the excitability and the duration of action potentials in somata of pleural sensory neurons at different stages of juvenile development. They found that during mid-to late-stage 12, bath application of 5-HT (50 PM) significantly increased excitability but had a relatively modest effect on the duration of the action potential. Subsequent to stage 12, bath application 5-HT significantly increased both the duration of the action potential and the excitability of somata of sensory neurons. These results suggest that 5-HT activates multiple biophysical and/or molecular mechanisms that emerge at different times during development and that these mechanisms differentially affect the duration of the somatic action potential and somatic excitability.
Second, we have begun to construct a Hodgkin-Huxley type mathematical model of the membrane currents in somata of pleural sensory neurons (Baxter and Byrne 1990a; Byrne et al. 1990) . The model provides a reasonable fit of the membrane current, action potential, and excitability that are observed normally in the somata of sensory neurons. Simulating the actions of CAMP, by reducing the steady-state conductance of Ik s, produced difference currents that were essentially the same as the CAMP difference currents that were presented in this paper. In addition, the simulated effects of CAMP produced a modest (11%) in-crease in the duration of the simulated action potential and doubled excitability of the model sensory neuron. Although the mechanism underlying the CAMP-independent modulation of I k,v by 5-HT is not known, we have speculated that 5-HT may lead to a slowing of the kinetics for activation and inactivation of Ik v (Baxter and Byrne 1989) . Simulating the CAMP-independent modulation of Ik v, by slowing the kinetics of Ik v, produced difference currents that were essentially the same as the CAMP-independent component of the 5-HT difference currents that were presented in this paper and increased the duration of the simulated action potential by 54%, without increasing the excitability of the model sensory neuron. Furthermore, combining both the CAMP-mediated and CAMP-independent effects of 5-HT in the model produced a threefold increase in the duration of the simulated action potential. These initial simulations must be repeated after more detailed information on the properties and mechanisms of modulation of membrane current in sensory neurons is available. Nevertheless, the simulations support the hypothesis that the CAMP-mediated modulation of membrane current plays a key role in regulating the excitability of sensory neurons, whereas the CAMP-independent modulation of Ik v has an important role in regulating the duration of the somatic action potential.
